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Abstract
These lectures give an introduction and the current status of flavour physics in the quark sector,
with special attention to the CKM matrix and CP violation. We describe the measurements which
contribute to the determination of the CKM matrix elements and how, together with important
theoretical developments, they have significantly improved our knowledge on the flavour sector of the
Standard Model. These lectures are complemented by the seminar of U. Mallik (see these proceedings)
which describes in more details the most recent CP-violating related measurements by the B-factories.
The results presented are up-to-date till winter 2004.
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1 Introduction
Accurate studies of the production and decay properties of beauty and charm hadrons are exploiting
a unique laboratory for testing the Standard Model in the fermion sector, for studying QCD in the
non-perturbative regime and for searching for New Physics through virtual processes.
In the Standard Model, weak interactions among quarks are encoded in a 3 × 3 unitary matrix: the
CKM matrix. The existence of this matrix conveys the fact that quarks, in weak interactions, act as
linear combinations of mass eigenstates [1, 2].
The CKM matrix can be parametrized in terms of four free parameters which are measured in several
physics processes.
In a frequently used parametrization, these parameters are named: λ, A, ρ and η1. The Standard
Model predicts relations between the different processes which depend upon these parameters. CP vio-
lation is accommodated in the CKM matrix and its existence is related to η 6= 0. The unitarity of the
CKM matrix can be visualized as a triangle in the (ρ, η) plane. Several quantities, depending upon ρ
and η can be measured and they must define compatible values for the two parameters, if the Standard
Model is the correct description of these phenomena. Extensions of the Standard Model can provide
different predictions for the position of the apex of the triangle, given by the ρ and η coordinates. The
most precise determination of these parameters is obtained using B decays, B0 −B0 oscillations and CP
asymmetry in the B and in the K sectors.
Many additional measurements of B meson properties (mass, branching fractions, lifetimes...) are
necessary to constrain the Heavy Quark theories [Operator Product Expansion (OPE) /Heavy Quark
Effective Theory (HQET) /Lattice QCD (LQCD)] to allow for precise extraction of the CKM parameters.
In addition, to be able to extract the Standard Model parameters, it is also necessary to control and
measure the backgrounds, and to acquire a detailed understanding of the experimental apparatus. All
these aspects are important because they propagate as systematic errors attached to the values extracted
for the CKM parameters. For instance, the values and the uncertainties of the B hadron lifetimes enter in
many important quantities. Experimental progress in various B physics measurements has been crucial
in the determination of the CKM matrix elements. These last aspects are not treated in these lectures.
2 Short story: from strangeness to the CKM Matrix
The discovery of the strange particle in 1947 was totally unexpected and can be seen as the beginning of
a new era in particle physics which has not ended yet. Just after the pion discovery by C.M.G. Lattes, H.
Muirhead, C.F. Powell and G.P. Occhialini [4], in 1947, the same year, C.C. Butler and G.D. Rochester
[5] reveal, having exposed a cloud chamber to cosmic rays, the existence of a still-heavier unstable particle
decaying in a typical V-topology; this earlier name could be ascribed to the characteristic topology of the
tracks which were produced when a neutral particle decays into two charged particles. At the same time
there were also events in which a charged particle trajectory had a sharp break indicating a decay (V±)
(corresponding to the decay K+ → µ+νµ).
In fact, the first example of such particles was reported by L. Leprince-Ringuet and M. Lhe´ritier in
1944 [6]. They observed a secondary cosmic ray particle, in a cloud chamber placed at the Laboratoire
de l’Argentie`re (Hautes-Alpes), producing a recoil electron (energetic delta ray). From the measured
curvatures of the ongoing and outgoing particles and using the value of the scattering angle of the
electron it was possible to determine the mass of the incident particle which was found to be of 495 ±
60 MeV/c2. It is today clear that this particle is the charged Kaon, nevertheless this discovery came too
early, since even the pion was not discovered at that time!
It took two years to confirm the result of Rochester and Butler. These experiments were continued at
higher altitude and with high degree of precision [7]. The results unambiguously established the existence
of two states: Λ → pπ− and K0 → π+π−. In 1953 it became possible to produce those V-particles
1ρ = ρ(1 − λ
2
2
) ; η = η(1 − λ
2
2
)[3].
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in accelerators2 and it was then clear that they were produced in reactions mediated by the strong
interaction; furthermore those particles were always produced in pairs (associated production). On the
other hand their typical lifetime was of about 10−10 s which is a typical time scale of the weak interaction3.
These particles are then “strange”, as they are produced through the strong interaction whereas they
decay through weak interaction processes. The solution was proposed, after several unfruitful tentative,
by M. Gell-Mann [8], to introduce a new additive quantum number: the strangeness4. The strangeness
was assigned to be -1 for the Λ, the K
0
and the K− ( and +1 for the corresponding antiparticles ), -2
for the Ξ− and 0 for all non-strange particles and making the hypothesis that this new quantum number
is conserved by strong and electromagnetic interactions and is not conserved by the weak interaction.
This allows to “explain”, a posteriori, why strange particles are always produced in pairs (by strong
interactions ∆S=0) and have a relatively long lifetime (decay through weak interactions ∆S=1).
In the decay, the strangeness changes by one unit and these transitions were classified as ∆S = 1.
An intense experimental activity on strange particles shown, in the fifties, that the absolute decay rate
for these transitions was suppressed by a factor of about 20 as compared with the corresponding rate
measured in ∆S =0 decays.
In the early 60’s the existence of new constituents of matter was postulated: they were called quarks.
They were independently introduced by M. Gell-Mann[9] and G. Zweig [10] and they should transform
according to the fundamental representation of SU(3). They were supposed to have spin 1/2 and to exist
in three varieties: the quark u with charge +2/3, the quarks d and s with charge -1/3. By analogy with
leptons it was suggested that the quarks were also organized into doublets and the existence of a new
quark of charge 2/3 was proposed [11].
In 1963, N. Cabibbo proposed [1] a model to account for the suppression of ∆S=1 transitions. In this
model the d and s quarks, involved in weak processes, are rotated by a mixing angle θc: the Cabibbo
angle. The quarks are organized in a doublet:(
u
dc
)
=
(
u
d cosθc + s sinθc
)
(1)
the small value of sin θc (≃ 0.22) is responsible for the suppression of strange particle decays (the coupling
being proportional to sin2θc). In this picture the slight suppression of n → p e−νe with respect to the
rate of µ− → e−νµνe is also explained by the fact that the coupling in the neutron decay is proportional
to cos2θc.
In this model, the neutral current coupling can be written5:
uu+ dd cos2θc + ss sin
2θc + (sd+ ds) cosθcsinθc. (2)
The presence of the (sd+ds) term implies the existence of a flavour changing neutral current (FCNC).
This was a serious problem for the Cabibbo model, since these couplings would produce contributions to
∆mK and KL → µ+µ− decays which are larger by several order of magnitude.
In 1970 S. Glashow, J. Iliopoulos and L. Maiani [12] (GIM) proposed the introduction of a new quark,
named c, of charge 2/3 and the introduction of a new doublet of quarks formed by the c quark and by a
combination of the s and d quarks orthogonal to dc (eq. 1):(
c
sc
)
=
(
c
s cosθc − d sinθc
)
. (3)
2The Brookhaven 3 GeV Cosmotron was the first accelerator delivering strange particles, followed by the Berkeley 6
GeV Bevatron.
3The scattering cross section of events like pi−p → K0Λ corresponds to the geometrical cross section of hadrons (≃
10−13 cm)2 which indicates that the Λ and the K0 are produced through strong interactions. The natural lifetime of the
strong interaction can be estimated using the relationship τst = (had.radius)/c ≃ 10−23s.
4The observation of events such as Ξ− → Λpi−, the so-called cascade events, and the non-observation of events such
as Ξ− → npi−, closed up the option that the strangeness could be a multiplicative quantum number (a kind of “strange
parity”) being +1 for strange particles and -1 for non-strange ones. It was in fact the first indication of the existence of
double strange particles.
5More formally. The charged currents are described by the operators J
+(−)
µ . The existence of the neutral current is
needed to complete the group algebra (obtained by commuting the operators J+µ and J
−
µ ) and necessarily contains ∆S=±
1 terms.
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In this way the (sd+ ds) term (in Eq. 2), in the neutral current, is cancelled.
The discovery of the charm quark in the form of cc bound states [13] and the observation of charmed
particles decaying into strange particles [14] (the cs transitions which are proportional to cos2θc dominate
over the cd transitions which are proportional to sin2θc) represent a tremendous triumph of this picture.
It should be reminded that a candidate event for the decay of a charm hadron was first observed in
1971, in Japan, in an emulsion detector exposed to cosmic rays [15]: X± → h±π0. The lifetime of h±
and its mass were found to be 10−14 sec and 1.8 GeV respectively ! (see [16] and [17] for more details).
The charge current, mediated by the emission of a W boson, can then be written:
(uc)γµ(1 − γ5)V
(
d
s
)
(4)
where γµ(1 − γ5) is the V − A current, which accounts also for parity violation, u, d, s, c are the mass
eigenstates and V is defined as:
V =
(
cosθc sinθc
−sinθc cosθc
)
. (5)
V is the Cabibbo unitary matrix which specifies the quark states which are involved in weak interactions.
In 1975 the Mark I group at SPEAR discovered the third charged lepton: the τ [18]. Two years later
the fifth quark, the b, was found at FNAL [19]. The indirect existence for the top quark t from the
observation of B0d−B0d oscillations [20] suggested the existence of an heavier version of the doublets (u,d)
and (c,s)6. The t quark was finally discovered in 1995 at Fermilab [21] in pp collisions.
The existence of three quark doublets was already proposed by M. Kobayashi and K. Maskawa in
1973 [2] as a possible explanation for CP violation. Their proposal is a generalization of the Cabibbo
rotation and implies that the weak flavour changing transitions are described by a 3× 3 unitary matrix:
 uc
t

 → V

 ds
b

 , V =

 Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb

 . (6)
This matrix conveys the fact that there is an arbitrary rotation, usually applied to the -1/3 charged
quarks, which is due to the mismatch between the strong and the weak eigenstates. This matrix can
be parametrized using three real parameters and one phase which cannot be removed by redefining the
quark field phases. This phase leads to the violation of the CP symmetry. In fact since CPT is a good
symmetry for all quantum field theories, the complexity of the Hamiltonian implies that the time reversal
invariance T and thus CP is violated7. In this picture the Standard Model includes CP violation in a
simple way.
3 The Standard Model in the fermion sector and the CKM ma-
trix
The Standard Model is based on the SU(2)L×U(1)Y gauge symmetry, where the index L stands for left,
since only the left handed particles are implied in the charged weak current. In a Lagrangian the mass
term of a fermionic field is of the type8
mψψ = m(ψRψL + ψLψR). (7)
6Another indirect piece of evidence for the existence of top was the measurement of the Z0 coupling to a bb pairs, which
shown that the b quark is a member of an doublet with partner that cannot be a u or a c quark.
7The time is an anti-linear operator: T (λ1|ψ1 > +λ2|ψ2 >) = λ∗1T |ψ1 > +λ
∗
2T |ψ2 >. It can be simply understood,
recalling that ψ(x, t) and ψ∗(x,−t) (and not ψ(x,−t)) obey to the same Schrodinger equation. If the operator T is applied
to the Standard Model Lagrangian and thus to the CKM matrix: T V (CKM)|.. >= V ∗(CKM) T |... >. If V (CKM) is
complex, V (CKM) 6= V (CKM)∗. In this case the Hamiltonian does not commute with T, thus T is not conserved and,
since CPT is conserved, CP is violated.
8The Euler-Lagrange equation implies the following correspondence between motion equations and Lagrangians:
L = δµψδµψ − 1/2m2ψ2 → (δ0δ0 +m2)ψ → (E2 = p2 +m2) (Einstein equation).
L = iψγ0δ0ψ −mψψ → (iγ0 −m)ψ = 0 (Dirac equation).
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Thus the mass implies a left− right coupling9 which is not gauge invariant. An economical approach
for introducing fermion masses, in a gauge-invariant way, is to consider Yukawa couplings in which
contributes a weak iso-doublet field φ:
ψLφψR ; with φ =
(
φ+
φ0
)
, Iφ = 1/2, Yφ = 1 , (8)
where the quantum numbers of the new doublet (φ) are exactly those needed to restore the gauge
invariance of the interaction vertex giving the mass to fermions.
In the Standard Model, the Lagrangian corresponding to charged weak interactions can be written
as:
LW = g
2
Q
Int.
Li γ
µσaQInt.Li W
a
µ ; Q
Int.
Li =
(
uLi
dLi
)
, LInt.Li =
(
νLi
ℓLi
)
, (9)
the index Int. indicates the weak interaction basis, σa are the Pauli matrices (a=1,2,3), W aµ are the
SU(2)L gauge bosons and i is the quark index. It can be noted that: Q
Int.
Li Q
Int.
Li
= Q
Int.
Li 1ijQ
Int.
Lj
. The
charged weak interactions are family blind (the quantum numbers of the Standard Model are I3 and Y
which do not “feel” the family index).
In the interaction basis the Yukawa interaction is:
LY = Y dijQ
Int.
Li φd
Int.
Rj + Y
u
ijQ
Int.
Li φ˜u
Int.
Rj + Y
ℓ
ijL
Int.
Li φℓ
Int.
Rj + H.C. , (10)
where φ˜ = iσ2φ
∗. In the most general case the matrices Yij are complex.
The presence of two independent matrices Yij , for the up-type and down-type quark, is due to the
behaviour of the Yukawa coupling itself.
After spontaneous symmetry breaking (SSB):
φ =
1√
2
(
0
v
)
, (11)
and the Yukawa interaction can be written:
LM = dInt.Li MdijdInt.Rj + uInt.Li MuijuInt.Rj + ℓ
Int.
Li M
ℓ
ijℓ
Int.
Rj + H.C. (12)
where Mu = (v/
√
2)Y u and Md = (v∗/
√
2)Y d. Physical masses are obtained by finding transformations
of the fields such that the corresponding mass matrices become real and diagonal:
Mf (diag) = V fLM
f(V fR )
† . (13)
Therefore, the mass eigenstates are
dLi = (V
d
L )ijd
Int.
Lj ; dRi = (V
d
R)ijd
Int.
Rj (14)
uLi = (V
u
L )iju
Int.
Lj ; uRi = (V
u
R )iju
Int.
Rj
ℓLi = (V
ℓ
L)ijℓ
Int.
Lj ; ℓRi = (V
ℓ
R)ijℓ
Int.
Rj
νLi = (V
ν
L )ijν
Int.
Lj
In this basis the Lagrangian for the weak interaction can be written as:
LW = g
2
uLiγ
µ
[
V uL (V
d
L )
†] dLjW aµ + h.c. (15)
where
V (CKM) = V uL (V
d
L )
† . (16)
9It simply follows from the properties of projection operators and using the equalities ψR = ψPL and ψL = ψPR. It
follows that:
mψψ = mψ(PL + PR)ψ = mψ(PLPL + PRPR)ψ = m[(ψPL)(PLψ) + (ψPR)(PRψ)] = m(ψRψL + ψLψR)
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V(CKM) is the CKM matrix. The phenomenon of flavour changing can be appreciated in two different
ways (different basis). If we use the basis in which the mass matrices are diagonal, the Lagrangian for the
interactions is not anymore family blind. The interaction among quarks belonging to different families
are possible and the couplings are encoded in the CKM matrix.
If the same procedure is applied in the lepton sector it follows that:
V (leptons) = (V νL (V
ℓ
L)
†) = (V ℓL(V
ℓ
L)
†) = 1 , (17)
since the mass matrix of the neutrinos is arbitrary (the neutrinos are massless in the SM), we can always
choose V νL = V
ℓ
L.
There is freedom in parametrising the CKM matrix:
- a permutation between the different generations (it is normally chosen to order the quarks by increasing
value of their mass (u, c, t and d, s, b),
- the presence of phases in the CKMmatrix. It is clear that M(diag) is unchanged if the matrices VL(R) are
multiplied by a matrix containing only phases: V˜ fL(R) = P
fV fL(R), it follows V (CKM) = P
uV (CKM)P ∗d.
As long as some of these phases are not observable, one has to require that the CKM matrix contains
the minimal number of phases, all the others being absorbed in the definition of quark wave functions.
The 2 × 2 matrix can be used to illustrate the contribution of these arbitrary phases in the CKM
matrix:
V =
(
V11 V12
V21 V22
)
→
(
e−iφ1 0
0 e−iφ2
) (
V11 V12
V21 V22
) (
e+iχ1 0
0 e+iχ2
)
(18)
=
(
V11e
−i(φ1−χ1) V12e−i(φ1−χ2)
V21e
−i(φ2−χ1) V22e−i(φ2−χ2)
)
It can be noted that:
(φ2 − χ2) = (φ2 − χ1) + (φ1 − χ2)− (φ1 − χ1) (19)
Among the four phases, corresponding to the four quark flavours, only three can be chosen in an arbitrary
way, since one phase difference is obtained as a linear sum of the other three. In the general case, the
number of arbitrary phases is: 2n(families)− 1.
The CKM matrix is a rotation matrix and, in a complex plane, can be parametrized in terms of a
given number of angles (real numbers) and phases (complex numbers) as indicated in Table 1.
Family of quarks num. of Angles num. Phases Irreducible Phases
n n(n− 1)/2 n(n+ 1)/2 n(n− 1)/2− (2n− 1)
= (n− 1)(n− 2)/2
2 1 3 0
3 3 6 1
4 6 10 3
Table 1: Numbers of angles and phases parametrising a complex rotation matrix. The last column gives
the number of phases which cannot be reabsorbed into the quark fields.
It results that a 2× 2 matrix (the Cabibbo matrix) is parametrized in terms of one real parameter
and contains no phase. The 3× 3 matrix (CKM) is parametrised in terms of three real parameters and
one irreducible phase. The presence of this complex number in the Lagrangian, as explained at the end of
Section 2 (footnote 7), is responsible, and it is the only one, of the fact that the CP symmetry is violated
in the Standard Model.
4 The CKM Matrix
Many parametrizations of the CKM matrix have been proposed in the literature. The most popular
are the standard parametrization [22] recommended by [23] and a generalization of the Wolfenstein
parametrization [24] as presented in [3].
7
With cij = cos θij and sij = sin θij (i, j = 1, 2, 3), the standard parametrization is given by:
VCKM =

 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −s23c12 − s12c23s13eiδ c23c13

 , (1)
where δ is the phase necessary for CP violation. cij and sij can all be chosen to be positive and δ may
vary in the range 0 ≤ δ ≤ 2π. However, measurements of CP violation in K decays force δ to be in the
range 0 < δ < π. s13 and s23 are small numbers: O(10−3) and O(10−2), respectively. Consequently,
from phenomenological applications, the four independent parameters are taken to be:
s12 = |Vus|, s13 = |Vub|, s23 = |Vcb|, δ. (2)
The first three quantities can be extracted from tree level decays mediated by the s→ u, b→ u and
b→ c transitions, respectively. The phase δ can be obtained from CP violating or loop processes sensitive
to the Vtd matrix element.
The absolute values of the elements of the CKM matrix show a hierarchical pattern with the diagonal
elements being close to unity: |Vus| and |Vcd| being of order 0.2, |Vcb| and |Vts| of order 4 · 10−2 and |Vub|
and |Vtd| of order 5 ·10−3. The Wolfenstein parametrization is useful to illustrate this structure. It shows
that the matrix is almost diagonal, namely that the coupling between quarks of the same family is close
to unity, and is decreasing as the separation between families increases:
VCKM =

 1− λ
2
2 λ Aλ
3(ρ− iη)
−λ 1− λ22 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

 +O(λ4). (3)
The set (2) is replaced by:
λ, A, ρ, η , (4)
known as the Wolfenstein parameters. To obtain the exact expression of the CKM parameters in the
Wolfenstein parametrization, it is convenient to go back to the standard parametrization and to make
the following change of variables in (1) [3, 25]:
s12 = λ , s23 = Aλ
2 , s13e
−iδ = Aλ3(ρ− iη). (5)
At order λ5, the obtained CKM matrix in the extended Wolfenstein parametrization is:
VCKM =
(
1 − λ
2
2
−
λ4
8
λ Aλ3(ρ − iη)
−λ + A
2λ5
2
(1 − 2ρ) − iA2λ5η 1− λ
2
2
− λ4( 1
8
+ A
2
2
) Aλ2
Aλ3
[
1− (1 − λ
2
2
)(ρ + iη)
]
−Aλ2(1 − λ
2
2
)
[
1 + λ2(ρ + iη)
]
1 − A
2λ4
2
)
+O(λ6). (6)
By definition, the expression for Vub remains unchanged relative to the originalWolfenstein parametriza-
tion and the corrections to Vus and Vcb appear only at O(λ7) and O(λ8), respectively. The advantage of
this generalization of the Wolfenstein parametrization, over other generalizations found in the literature,
is the absence of relevant corrections in Vus, Vcd, Vub and Vcb. It can be noted that the element Vtd can
be re-expressed as:
Vtd = Aλ
3(1− ρ− iη)
where [3]
ρ = ρ(1 − λ
2
2
), η = η(1 − λ
2
2
). (7)
This elegant change in Vtd, with respect to the original Wolfenstein parametrization, allows a simple
generalization of the so-called unitarity triangle to higher orders in λ [3] as discussed below.
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4.1 The Unitarity Triangle
From the unitarity of the CKM matrix (V V † = V †V = 1), non diagonal elements of the matrix products
corresponding to six equations relating its elements can be written. In particular, in transitions involving
b quarks, the scalar product of the third column with the complex conjugate of the first row must vanish:
V ∗udVub + V
∗
cdVcb + V
∗
tdVtb = 0 (8)
V
ud
V
cd
V
td
* * *
+ + =  0V
us
V
cs
V
ts
V
ud
V
cb
V
tb
* * *
+ + =  0V
ub
V
cd
V
td
V
us
V
cs
V
ts
* * *
+ + =  0V
ub
V
cb
V
tb
V
ud
V
us
V
ub
* * *
+ + =  0V
td
V
ts
V
tb
V
ud
V
us
V
ub
* * *
+ + =  0V
cd
V
cs
V
cb
λ λ λ
5
λ λ λ
3
λ λ λ
2
λ λ λ
3
λ λ λ
5
3 3
4 2
3 3
V
td
V
ts
V
tb
* * *
+ + =  0V
cd
V
cs
V
cb λ λ λ
24 2
Figure 1: The six triangle equations from the unitarity condition of the CKM matrix.
Using the parametrization given in Equation (6), and neglecting contributions of order O(λ7), the
different terms, in this expression, are respectively:
VudV
∗
ub = Aλ
3(ρ+ iη), (9)
VcdV
∗
cb = −Aλ3,
VtdV
∗
tb = Aλ
3(1− ρ− iη)
The three expressions are proportional to Aλ3, which can be factored out, and the geometrical rep-
resentation of Eq. (8), in the (ρ, η) plane, is a triangle with summit at C(0, 0), B(1, 0) and A(ρ,
η).
• The lengths CA and BA, to be denoted respectively by Rb and Rt, are given by
AC ≡ Rb ≡ |VudV
∗
ub|
|VcdV ∗cb|
=
√
ρ2 + η2 = (1 − λ
2
2
)
1
λ
∣∣∣∣VubVcb
∣∣∣∣ , (10)
AB ≡ Rt ≡ |VtdV
∗
tb|
|VcdV ∗cb|
=
√
(1− ρ)2 + η2 = 1
λ
∣∣∣∣VtdVcb
∣∣∣∣ . (11)
ρ+iη 1−ρ−iη
βγ
α
C=(0,0) B=(1,0)
A=(ρ,η)
Figure 2: The Unitarity Triangle.
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The angles β and γ = δ of the unitarity triangle are related directly to the complex phases of the
CKM-elements Vtd and Vub, respectively, through
Vtd = |Vtd|e−iβ , Vub = |Vub|e−iγ . (12)
Each of the angles is the relative phase of two adjacent sides (a part for possible extra π and minus
sign) so that:
β = arg(
VtdV
∗
tb
VcdV ∗cb
) = atan( η1−ρ ) (13)
γ = arg(
VudV
∗
ub
VcdV ∗cb
) = atan(ηρ ) (14)
• The unitarity relation (Eq. 8) can be rewritten as
Rbe
iγ +Rte
−iβ = 1 (15)
• The angle α can be obtained through the relation α+ β + γ = 180◦ expressing the unitarity of the
CKM-matrix.
The triangle shown in Figure 2 -which depends on two parameters (ρ, η))-, plus |Vus| and |Vcb| give
the full description of the CKM matrix.
The Standard Model, with three families of quarks and leptons, predicts that all measurements have
to be consistent with the point A(ρ, η).
4.2 General Introduction to Oscillation and CP Violation
In this section we give a general introduction to the oscillation and CP violation formalism in view of
their impact on the CKM matrix element determination.
A general system which satisfies the coupled Schrodinger equation can be written as:
i
d
dt
(
B0
B
0
)
= H
(
B0
B
0
)
(16)
H =
(
H11 H12
H21 H22
)
; Hij =Mij − iΓij/2
The B0 and the B
0
are the flavour eigenstates. Transitions between B0 and B
0
are then possible and
the Hamiltonian has to be diagonalized to find the new eigenstates which are:
|B0L >= p|B0 > +q|B
0
> ; |B0H >= p|B0 > −q|B
0
> (17)
where |q|2 + |p|2 = 1. Solving the eigenvalues equation (supposing that CPT is conserved) and defining
∆m =MH −ML and ∆Γ = ΓH − ΓL it follows:
∆m2 − 1/4∆Γ2 = 4|M12|2 − |Γ12|2 (18)
∆m∆Γ = 4Re(M12Γ
∗
12)
In the Standard Model, B0 − B0 transitions occur through a second-order process -a box diagram-
with a loop that contains W and up-type quarks. The exchange of the top quark dominates the part
relative to the mass difference (M12), while light quarks contribute to the part relative to the decay (Γ12)
(only common states to B0 and B
0
contribute). It results that : Γ12/M12 = m
2
b/m
2
t << 1. The relations
(19) simplify to:
∆m = 2|M12| (19)
∆Γ = 2Re(M12Γ12
∗)
|M12|
q
p
= − |M12|M12
The last expression is valid at leading approximation10. We are now interested in the time evolution
10Beyond the leading approximation the expression become : q
p
= −
∆m−i/2∆Γ
2M12−iΓ12
10
of the flavour eigenstates in the hypothesis (∆Γ << ∆m):
|B0phys.(t) >= e−imt e−Γ/2 t(cos ∆m/2t |B0 > + i
q
p
sin∆m t/2 |B0 >)
|B0phys.(t) >= e−imt e−Γ/2t(cos ∆m/2t |B
0
> + i
q
p
sin∆mt/2 |B0 >)
It follows:
< f |H |B0phys.(t) > |2 = (20)
e−Γt
2
[(1 + cos∆mt)| < f |H |B0(t) > |2 +
(1− cos∆mt)|q
p
|2| < f |H |B0(t) > |2 +
2Im ( |q
p
| sin ∆mt < f|H|B0(t) >< f|H|B0(t) >∗)]
The probability that a meson B0 produced (by strong interaction) at time t = 0 transforms (by weak
interaction) into a B
0
(or stays as a B0) at time t is given by:
Prob(B0phys.(t)→ B0phys.(t)(B
0
phys.(t))) =
1
2
e−Γt(1 + (−)cos∆mt) (21)
Defining:
λ =
q
p
< f |H |B0 >
< f |H |B0 > =
q
p
Af
Af
; λ =
p
q
< f |H |B0 >
< f |H |B0 >
=
p
q
Af
Af
(22)
the equation becomes:
| < f |H |B0phys.(t) > |2 = (23)
e−Γt
2
| < f |H |B0(t) > |2
[ (1 + cos∆mt) +
(1− cos∆mt)|λ|2
−2Im(λ)sin∆mt ]
and similarly for | < f |H |B0phys.(t) > |, | < f |H |B0phys.(t) > | and | < f |H |B
0
phys.(t) > |. We concentrate
here on the two cases of CP violation which are the most relevant for CKM physics.
B0 sector: direct CP Violation and CP Violation in the interference between mixing and decays.
CP violation can occur because Imλ 6= Imλ and/or when |λ|, |λ¯| are different from unity. In this case
the four quantities Prob(B0phys. → f), P rob(B
0
phys. → f), P rob(B0phys. → f) and Prob(B
0
phys. → f) (see
eq. 24) have to be studied and thus |λ|2, |λ|2, Imλ, Imλ are determined. The simplest case is when the
final state f is a specific CP state. In this case λ = 1/λ ≡ λf and the previous conditions simplify to
Imλf 6= 0 and/or |λf | 6= 1. The following asymmetry can be studied:
ACP (mixing − decay) = Prob(B
0
phys(∆t)→f)−Prob(B
0
phys(∆t)→f)
Prob(B0
phys
(∆t)→f)+Prob(B0phys(∆t)→f)
(24)
= Cf cos∆md ∆t + Sf sin∆md ∆t ,
where
Cf =
1− |λf |2
1 + |λf |2 ; Sf = −
2 Imλf
1 + |λf |2 (25)
Cf corresponds to direct CP violation, since it is related to differences in the decay amplitudes, while Sf
is related to the interference between the mixing and decays, involving the imaginary parts of p/q and
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of the decay amplitudes. It is important to note that, also in case |λf |=1, CP violation is possible if
Imλf 6= 0. This case is particularly interesting. When only one amplitude dominates the decay process,
|λf | = 1, implying Cf = 0 and Sf = −Imλf . We will see in the following that −Imλf is the sine of twice
an angle of the unitarity triangle.
B+ sector: the direct CP Violation.
The transition amplitudes can be written as:
| < f |H |B+ > | = v1A1eiθ1 + v2A2eiθ2 (26)
| < f |H |B− > | = v∗1A1eiθ1 + v∗2A2eiθ2
where v1,2 are the weak-CKM couplings and A1,2(θ1,2) are the modulus and the strong phase respectively.
The weak phase changes sign under CP (the strong phase do not). It follows:
aCP (direct) =
| < f |H |B+ > |2 − | < f |H |B− > |2
| < f |H |B+ > |2 + | < f |H |B− > |2 (27)
=
2rBsin(arg(v1/v2))sin(θ1 − θ2)
1 + r2B + 2rBcos(arg(v1/v2))cos(θ1 − θ2)
; rB =
|v1|A1
|v2|A2
The basic conditions to have direct CP violation are the presence of two competing amplitudes,
rB 6= 0, and of nonzero weak phase and strong phase differences.
The weak phase difference is related to one of the unitarity triangle angles. To be more explicit, if for
instance we consider a process which can occur through Vub and Vcb mediated transitions, arg(v1/v2) = γ.
CP Violation in the Kaon sector.
Historically the parameter characterizing CP violation was defined as ǫ given in:
|KS >= |K1 > +ǫK2 >√
(1 + |ǫ|2) ; |KL >=
|K2 > +ǫK1 >√
(1 + |ǫ|2) (28)
K1,2 are the CP eigenstates and the previous equation can be written in terms of flavour eigenstates:
|KS >= 1√
2
√
(1 + |ǫ|2) [(1 + ǫ)|K
0 > +(1− ǫ)|K0 >]
|KL >= 1√
2
√
(1 + |ǫ|2) [(1 + ǫ)|K
0 > −(1− ǫ)|K0 >]
where ǫ is related to p, q parameters by: ǫ = p−qp+q .
Two CP violating quantities are measured in the neutral Kaon sector:
η00 =
< π0π0|H |KL >
< π0π0|H |KS > ; η± =
< π+π−|H |KL >
< π+π−|H |KS > (29)
Defining
A00 =< π
0π0|H |K0 > ; A00 =< π0π0|H |K0 >
A+− =< π+π−|H |K0 > ; A+− =< π+π−|H |K0 >
λ00 =
q
p
A00
A00
; λ+− =
q
p
A+−
A+−
which implies
η00 =
1− λ00
1 + λ00
; η+− =
1− λ+−
1 + λ+−
(30)
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The ππ final states can have isospin I=0,2. Experimentally it is observed that AI=2/AI=0 ≃ 1/20
(known has the ∆ I=1/2 rule). In the approximation that only the I=0 amplitude contributes -no direct
CP violation- it follows:
ǫK =
< π0π0I=0 |H |KL >
< π0π0I=0 |H |KS >
= η00 (31)
and similarly for the η+−.
Contrarily to B mesons, in case of Kaon physics ∆Γ ≃ ∆M . Using the expression of q/p (eq. 19) it
follows that:
ǫK =
eiπ/4√
2∆mK
(ImM12 + 2ζReM12) (32)
where ζ = Im(A(K → ππ)I=0)/Re(A(K → ππ)I=0). The contribution, proportional to ζ, which is of
about 2% correction to |εK | can be neglected.
4.3 Standard Model formulae relating ρ and η to experimental and theoret-
ical inputs
Five measurements restrict, at present, the possible range of variation of the ρ and η parameters:
• B hadrons can decay through the b → c and b → u transitions. Semileptonic decays offer a
relatively large branching fraction (≃ 10 %) and corresponding measurements can be interpreted
using a well established theoretical framework. The relative rate of charmless over charmed b-hadron
semileptonic decays is proportional to the square of the ratio:∣∣∣∣VubVcb
∣∣∣∣ = λ1 − λ22
√
ρ2 + η2 , (33)
and it allows to measure the length of the side AC of the triangle (Figure 3).
• In the Standard Model, B0 −B0 oscillations occur through a second-order process -a box diagram-
with a loop that contains W and up-type quarks. The box diagram with the exchange of a top
quark gives the dominant contribution. The oscillation probability is given in eq. (21) and the time
oscillation frequency, which can be related to the mass difference between the light and heavy mass
eigenstates of the B0d − B0d system (eq. 20, ∆m = 2|M12| ), is expressed, in the SM, as11:
∆md =
G2F
6π2
m2W ηbS(xt) A
2λ6 [(1− ρ)2 + η2] mBd f2BdBˆBd , (34)
where S(xt) is the Inami-Lim function [26] and xt = m
2
t/M
2
W , mt is the MS top quark mass,
mMSt (m
MS
t ), and ηb is the perturbative QCD short-distance NLO correction. The value of ηb =
0.55±0.01 has been obtained in [27] andmt = (167±5) GeV is used, as deduced from measurements
by CDF and D0 Collaborations [21]. The remaining factor, f2BdBˆBd , encodes the information of
non-perturbative QCD. Apart for ρ and η, the most uncertain parameter in this expression is
fBd
√
BˆBd (6.4).
In the vacuum saturation approximation the matrix element of the V-A current is calculated between
the vacuum and the pseudoscalar meson and only the axial current contributes. The constant fBd
translates the probability that the quark and the antiquark meet to decay or the size of the B meson
wave function at the origin. Another parameter is also introduced: the bag factor BˆBd which is
inserted to take into account all possible deviation from vacuum saturation approximation. The
values of the bag factors are expected to be close of the unity.
The measurement of ∆md gives a constraint on the length of the side AB of the triangle (Figure
3).
11∆mq is usually expressed in ps−1 unit. 1 ps−1 corresponds to 6.58 10−4eV.
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• The B0s−B0s time oscillation frequency, which can be related to the mass difference between the light
and heavy mass eigenstates of the B0s−B0s system, is proportional to the square of the |Vts| element.
Neglecting terms, having a small contribution, | Vts | is independent of ρ and η. The measurement of
∆ms would then give a strong constraint on the non-perturbative QCD parameter f
2
Bs
BˆBs . In any
case, the ratio between the values of the mass difference between the mass-eigenstates, measured
in the B0d and in the B
0
s systems can be used:
∆md
∆ms
=
mBdf
2
Bd
BˆBd
mBsf
2
Bs
BˆBs
(
λ
1− λ22
)2
(1− ρ)2 + η2(
1 + λ
2
1−λ22
ρ
)2
+ λ4η2
. (35)
The advantage in using the ratio ∆md∆ms , instead of only ∆md, is that the ratio ξ = fBs
√
BˆBs/fBd
√
BˆBd
is expected to be better determined from theory than the individual quantities entering into its ex-
pression. The measurement of the ratio ∆md/∆ms gives a similar type of constraint as ∆md, on
the length of the side AB of the triangle.
• Indirect CP violation in the K0−K0 system is usually expressed in terms of the |εK | parameter (as
defined in Section 4.2) which is the fraction of CP violating component in the mass eigenstates. In
the SM, the following equation is obtained
|εK | = Cε A2λ6 η × (36)[
−η1S(xc)
(
1− λ
2
2
)
+ η2S(xt)A
2λ4 (1− ρ) + η3S(xc, xt)
]
BˆK
where Cε =
G2F f
2
KmKm
2
W
6
√
2π2∆mK
.
S(xi) and S(xi, xj) are the appropriate Inami-Lim functions [26] depending on xq = m
2
q/m
2
W ,
including the next-to-leading order QCD corrections [27, 28]. The most uncertain parameter is BˆK
(6.4).
The constraint brought by the measurement of |εK | corresponds to an hyperbola in the (ρ, η) plane
(Figure 3).
• The measurement of CP violation in the B sector.
The mixing induced CP asymmetry, aJψKS , in B
0
d → J/ψKS or (→ J/ψKL) decays allows to
determine the angle β of the Unitarity Triangle essentially without any hadronic uncertainties. As
explained before, a possible manifestation of the CP asymmetry could appear in the interference
between amplitudes describing decays with and without mixing. The process B0 → J/ΨK0 is
dominated by tree diagram12 and it follows that:
q
p
=
(
V ∗tbVtd
VtbV ∗td
)
from B mixing
< J/ΨK0|H |B0 >
< J/ΨK0|H |B0 > =
(
V ∗csVcb
VcsV ∗cb
)
from B decay amplitudes(
V ∗cdVcs
VcdV ∗cs
)
from K mixing
|λf |2 = 1 ; Im λf = ηCPsin2β
where ηCP is the CP eigenvalue of the final state. The asymmetry defined in eq. 25 gives:
ACP (J/ΨKS) = −2 sin (2β) sin∆md ∆t , (37)
12The same process could be described by a Penguin diagram (with a ts transition) and a J/Ψ emitted from gluons. This
process is proportional to VtsV ∗tb. It is important to note that the amplitude associated to this process has the same phase,
at order O(λ2), as the dominant tree-level one. At order O(λ4), Vts is complex and differs from Vcb. Thus the correction
to β is suppressed by a factor O(λ4) and by an extra factor because the J/Ψ must be emitted by at least three gluons.
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The measurement of ACP (J/ΨK
0) gives a constraint corresponding to sin (2β), in the (ρ, η) plane
(Figure 3).
-1
0
1
2
-1 0 1 2
ρ_
η_
εK
∆md (∆md/∆ms)
Vub
Vcb
sin2β
βγ
αAC
AB
Figure 3: Unitarity Triangle. Constraints from |Vub| / |Vcb|, |εK |, ∆md or ∆md/∆ms and sin (2β) are
shown.
Constraints on ρ and η are obtained by comparing present measurements with theoretical expectations
using the expressions given above and taking into account the different sources of uncertainties. In
addition to ρ and η, these expressions depend on other quantities. Additional measurements or theoretical
determinations have been used to provide information on the values of these parameters; details are given
in the next sections.
To illustrate the different constraints described in the present section, in Figure 3, the uncertainty
bands for the quantities, obtained using Eqs. (33)–(37), are presented. Each band, corresponds to only
one of the constraints and contains 95% of the events obtained by varying the input parameters.
In the first column of Table 2 the different measured quantities are listed, with their explicit depen-
dence on ρ and η given in the third column.
Measurement CKM×other Constraint
Br(b→ uℓν)/ Br(b→ cℓν) |Vub/Vcb|2 ρ2 + η2
∆md |Vtd|2f2BdBBdf(mt) (1 − ρ)2 + η2
∆md
∆ms
∣∣∣VtdVts
∣∣∣2 f2BdBBdf2
Bs
BBs
(1 − ρ)2 + η2
|εK | f(A, η, ρ, BK) ∝ η(1 − ρ)
ACP (J/ΨK
0) sin (2β) 2ηρ/
[
(1 − ρ)2 + η2]
Table 2: Different measurements contributing in the determination of ρ and η, with their functional
dependences.
The values and errors of the relevant quantities used in the fit of the CKM parameters are summarized
in Table 3.
For the extraction of the CKM parameters we use the Bayesian approach [37]. In these lectures we
do not enter into any details related to the statistical method. Here we want just to explain the splitting
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of the errors as given in Table 3. We take a Gaussian distribution (G(x − x0)) when the uncertainty
is dominated by statistical effects, or when there are several contributions of similar importance to
systematic errors, so that the central limit theorem applies. We take a uniform p.d.f. if the parameter
value is believed to be (almost) certainly within a given interval, and the points inside this interval are
considered as equally probable. The second model is used for theoretical uncertainties. U(x) = 1/2σtheo
for x ∈ [x0−σtheo, x0+σtheo] and U(x) = 0 elsewhere. The combined p.d.f. (P) is obtained by convoluting
the Gaussian p.d.f. (G) with the uniform p.d.f. (U): P = G ⊗ U . When several determinations of the
same quantity are available the final p.d.f, in the Bayesian approach, is obtained by taking the product
of individual p.d.f.s (and normalizing the obtained distribution to unity). For more details on statistical
methods see [29].
Parameter Value Gaussian (σ) Uniform Ref.
(half-width)
λ 0.2241 0.0036 - [30]
|Vcb|(excl.) 42.1× 10−3 2.2× 10−3 - Section 6.1
|Vcb|(incl.) 41.4× 10−3 0.7× 10−3 0.6× 10−3 Section 6.1
|Vub|(excl.) 33.0× 10−4 2.4× 10−4 4.6× 10−4 Section 6.2
|Vub|(incl.) 40.9× 10−4 4.6× 10−4 3.6× 10−4 Section 6.2
∆md 0.502 ps
−1 0.007 ps−1 - Section 6.3
∆ms > 14.5 ps
−1 at 95% C.L. sensitivity 18.3 ps−1 Section 6.3
mt 167 GeV 5 GeV - [21]
fBd
√
BˆBd 223 MeV 33 MeV ±12 MeV Section 6.4
ξ =
fBs
√
BˆBs
fBd
√
BˆBd
1.24 0.04 ±0.06 Section 6.4
ηb 0.55 0.01 - [27]
BˆK 0.86 0.06 0.14 Section 6.4
|εK | 2.280× 10−3 0.019× 10−3 - [23]
η1 1.38 0.53 - [28]
η2 0.574 0.004 - [27]
η3 0.47 0.04 - [28]
fK 0.159 GeV fixed [23]
∆mK 0.5301 ×10−2 ps−1 fixed [23]
sin (2β) 0.739 0.048 - Section 6.5
mb 4.21 GeV 0.08 GeV – Section 6.1
mc 1.3 GeV 0.1 GeV – Section 6.1
αs 0.119 0.03 – [28]
GF 1.16639 ×10−5GeV−2 fixed [23]
mW 80.23 GeV fixed [23]
mB0
d
5.2794 GeV fixed [23]
mB0s 5.3696 GeV fixed [23]
mK 0.493677 GeV fixed [23]
Table 3: Values of the relevant quantities used in the fit of the CKM parameters. In the third and fourth
columns the Gaussian and the flat parts of the uncertainty are given (see text), respectively. The central
values and errors are those adopted at the end of the “CKM Unitarity Triangle” Workshops ([29],[30])
and by HFAG [31] and are given and explained in the following sections (as indicated in the last column).
The averages for the non perturbative QCD parameters are made by the CKM-LDG group [32]
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5 B Physics at different facilities
In this chapter we will discuss B physics at different machines. The main contributors in B hadron studies
are:
• the e+e− colliders
– the symmetric-B factories operating at Υ(4S) (ARGUS/CRYSTAL BALL and CLEO/CUSB
experiments running at DORIS and CESR, respectively, from 1979 to 2002)
– the asymmetric-B factories operating at Υ(4S) (Belle at KEK and BaBar at PEP experiments
running from 1999)
– the Z0 resonance experiments (the LEP collaborations which run from 1989 to 1995 and the
SLD collaboration at SLC which run from 1989 to 1998).
• the pp collider
– the TeVatron collider, operating at
√
s = 1.8 TeV - phase I (D0 and CDF experiment from
1987 to 2000). They are presently running with an improved luminosity at
√
s ≃ 1.9 TeV
-phase II.
An overview of these experiments, operating at different facilities, is given in Table 4.
At the Υ(4S), pairs of B± and B0d
(
B0d
)
mesons are produced on top of the hadronic background
continuum from lighter qq pairs. The two B mesons are created simultaneously in a L=1 coherent state,
such that before the first decay the final state contains a B and a B; at the time of the decay of the
first B meson, the second one is in the opposite flavour eigenstate. The production cross section is about
1.2 nb. Because of the energy available, only B± and B0d mesons are emitted. In symmetric B-factories
B particles are produced almost at rest while at the asymmetric factories they have a boost of βγ = 0.56
(0.44) (for BaBar (Belle)). It is important to note that, in both cases, the average B momentum in the
Υ(4S) rest frame is of the order of about 350 MeV/c.
Considering that the B lifetime is of the order of 1.6 ps, the flight distance of a B hadron, defined as
L = γβcτ is, on average, at asymmetric B-factories, of the order of 250 µm. This distance is measurable
and highlights the greatest advantage of asymmetric B-factories where time dependent analyses, necessary
for CP violation studies, are possible.
The B decay products are the only tracks produced in the events, there is no accompanying additional
hadron. As a consequence the energy taken by each B meson is equal to the half the total energy in the
e+e− center-of-mass frame; this constraint is, for instance, very important in rejecting the non-B events.
The decay products of the two B particles are spread isotropically over the space and such events can be
distinguished from the continuum which are more jetty-like.
At the Z0 resonance, B hadrons are produced from the coupling of the Z0 to a bb quark pair. The
production cross section is of ∼ 6 nb, which is five times larger than at the Υ(4S). Hadronic events
account for about 70 % of the total production rate; among these, the fraction of bb events is ∼ 22%13,
which is rather similar to the one observed when running at the Υ(4S) energy (∼ 25 %). B hadrons
are thus copiously produced14. The produced bb pair picks up from the vacuum other quark-antiquarks
pairs and hadronizes into B hadrons plus few other particles. Therefore, not only B± and B0d mesons are
produced, but also B0s mesons or b-baryons can be present in the final state. The b and b quarks hadronize
independently. b quarks fragment differently from light quarks, because of their high mass as compared
with ΛQCD. As a result, B hadrons carry, on average, about 70% of the available beam energy, whereas
the rest of the energy is distributed among the other particles emitted in the fragmentation process. As a
consequence, the two B hadrons fly in opposite directions and their decay products belong to jets situated
in two different hemispheres.
13whereas the fraction of cc events is ∼ 17%.
14In the intermediate energy region (“continuum”) where the annihilation through one photon is dominant (V-coupling)
the cross section scales with the energy available in the center of mass (squared), being of the order of 30 pb at 30 GeV
and of about 10 pb at 60 GeV. In this energy range the fraction of bb events is ∼ 9% whereas the fraction of cc events is
∼ 35% (being the coupling proportional to the square of the electric charge.
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The hard fragmentation and the long lifetime of the b quark make that the flight distance of a B
hadron at the Z pole, defined as L = γβcτ , is on average of the order of 3 mm.
At pp colliders, the situation is rather different. Here b quarks are produced mainly through the gluon-
gluon fusion process gg → bb. At the Fermilab Collider (√s = 1.8 TeV), the differential b-production
cross section depends on the rapidity and on the transverse momentum. In total, it is typically of the
order of 50µb, which is large. B decay products are situated inside events having a average multiplicity
which is much larger than the multiplicity at the Z pole. Furthermore the ratio σbb/σtot is of the order
of a few per mill. As a consequence, only specific channels e.g. with fully reconstructed final states, or
semileptonic decays, can be studied with a reasonable signal to background ratio.
Registered data sets from experiments operating at different facilities are summarized in Table 4.
Experiments Number of bb events Environment Characteristics
(× 1000000)
LEP Coll. ∼ 1 per expt. Z0 decays back-to-back 45 GeV b-jets,
(4 expts.) (σbb ∼ 6nb) all B hadron produced.
SLD ∼ 0.1 Z0 decays back-to-back 45 GeV b-jets,
(σbb ∼ 6nb) all B hadron produced,
beam polarized.
ARGUS ∼ 0.2 Υ(4S) decays mesons produced at rest,
(σbb ∼ 1.2nb) B0d and B+.
CLEO ∼ 9 Υ(4S) decays mesons produced at rest,
(σbb ∼ 1.2nb) B0d and B+.
BaBar ∼ 130 Υ(4S) decays asymmetric B-factories
Belle (σbb ∼ 1.2nb) B0d and B+.
CDF ∼ several pp collider-Run I events triggered with leptons,√
s = 1.8 TeV all B hadron produced.
((σbb ∼ 50µb)
Table 4: Summary of recorded statistics by experiments operating at different facilities and main char-
acteristics.
6 Evaluation of the parameters entering in the determination
of the CKM parameters.
This section gives a short summary on the determination of the quantities entering in Unitarity Triangle
fits. The discussion on the central values and attributed errors for these quantities has been extensively
done and agreed values were adopted during the First Workshop on the “Unitarity Triangle Parameters
Determination” held at CERN from the 12-15 February 2002 [29]. More recent values are taken from the
updates done during the Second Workshop on the “Unitarity Triangle Parameters Determination” held
at Durahm from the 5-9 April 2003 [30]. Many of the experimental averages have been calculated by the
HFAG (Heavy Flavour Averaging Group) and can be found in [31].
6.1 Determination of |Vcb|
The |Vcb| element of the CKMmatrix can be accessed by studying the decay rate of inclusive and exclusive
semileptonic b-decays.
6.1.1 Determination of |Vcb| using inclusive analyses
The first method to extract |Vcb| makes use of B-hadrons inclusive semileptonic decays and of the the-
oretical calculations done in the framework of the OPE (Operator Product Expansion). The inclusive
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semileptonic width Γs.l. is expressed as:
Γs.l. =
BR(b→ clν)
τb
= γtheory|Vcb|2;
γtheory = f(αs,mb, µ
2
π, 1/m
3
b...). (38)
From the experimental point of view the semileptonic width has been measured by the LEP/SLD and
Υ(4S) experiments with a relative precision of about 2%:
Γsl = (0.431± 0.008± 0.007)10−10MeV Υ(4S)
Γsl = (0.439± 0.010± 0.007)10−10MeV LEP/SLD
Γsl = (0.434× (1± 0.018))10−10MeV average (39)
Using the theoretical determinations of the parameters entering into the expression of γtheory in Eq.
(38), the uncertainty on |Vcb| comes out to be of the order of 5%(2.0 10−3). Thus the precision on
the determination of |Vcb| is limited by theoretical uncertainties which are mainly related to the non
perturbative QCD parameters.
These parameters can be experimentally determined using the fact that OPE gives expressions in
terms of operators whose averaged values are universal when considering different aspects of the same
reaction.
Moments of the hadronic mass spectrum, of the lepton energy spectrum and of the photon energy in
the b → sγ decay are sensitive to the same non perturbative QCD parameters contained in the factor
γtheory of Eq. (38) and, in particular, to the mass of the b and c quarks and to the Fermi motion of the
heavy quark inside the hadron, µ2π
15. For more details, see for instance [34],[35].
First measurements have been done by CLEO and preliminary results have been obtained by BaBar
and DELPHI.
As an example, DELPHI data have been used for the determination of these non perturbative QCD
parameters and an illustration of the obtained results is given in Figure 4.
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Figure 4: The moments analysis performed by DELPHI Collaboration [34]. The projection of the con-
straints, brought by six measured moments, over the mb−µ2π (left) and mb−ρ3D (right) planes (ρD being
related to the corrections corresponding to 1/m3b terms). The bands correspond to the total measurement
accuracy and are given by keeping all other parameters fixed at their central values. The ellipses represent
the 1σ contour.
Using the experimental results on Γsl, Eq. (39), and on the determination of the non perturbative
QCD parameters, the following value for |Vcb| is obtained:
|Vcb| = (41.4± 0.7± 0.6theo.) 10−3(inclusive) (40)
15In another formalism, based on pole quark masses, the Λ and λ1 parameters are used, which can be related to the
difference between hadron and quark masses and to µ2pi, respectively.
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This result brings an important improvement in the determination of the |Vcb| element. The dominant
part of the initial theoretical errors is now accounted for as experimental uncertainties, using the fitted
non perturbative quantities (mb, mc, µ
2
π and 1/m
3
b contributions) and the remaining theoretical error
has been reduced by more than a factor three (previously the quoted theoretical error was ± 2.0 10−3).
6.1.2 Determination of |Vcb| using B→ D∗ℓν analyses
An alternative method to determine |Vcb| is based on exclusive B0d → D∗+ℓ−νl decays. Using HQET
(Heavy Quark Effective Theory), an expression for the differential decay rate can be derived:
dΓ
dw
=
G2F
48π2
|V 2cb||F (w)|2G(w) ; w = vB .vD (41)
w is the 4-product of the B (vB) and the D meson (vD) velocities. G(w) is a kinematical factor and F(w)
is the form factor describing the transition. At zero recoil (w=1) and for infinite quark masses, F(1)
goes to unity. The strategy is then to measure dΓ/dw, to extrapolate at zero recoil and to determine
F (1)× |Vcb|.
The world average result (as given in PDG 2004) [31] is:
|Vcb| = (42.1± 1.1± 1.9F (1)) 10−3 = (42.1± 2.2) 10−3 (exclusive) (42)
To evaluate |Vcb|, the value of F(1) = 0.91 ± 0.04 have been used [39, 40].
6.1.3 Determination of |Vcb| using inclusive and exclusive methods
Combining these two determinations of |Vcb| gives:
|Vcb| = (41.5± 0.8)10−3 (exclusive + inclusive) (43)
The average has been obtained neglecting possible correlations between the two methods to determine
of |Vcb|. This assumption is safe from the experimental point of view, whereas detailed studies are still
missing from theory side. It should be noted that the inclusive method is dominating the final precision
on |Vcb|.
To conclude, it is important to remind that, as |Vcb| = Aλ2, the measurement of |Vcb| allows the
determination of A one of the four free parameters of the CKM matrix. Furthermore |Vcb| gives the scale
of the Unitarity Triangle.
It is important to note also that |Vcb|, today, is known with 2% accuracy. This achievement has to
be considered as a legacy from LEP and CLEO experiments.
6.2 Determination of |Vub|
The measurement of |Vub| is rather difficult because one has to suppress the large background coming
from the more abundant semileptonic b to c quark transitions.
Several new determinations of the CKM element |Vub| are now available [31]
6.2.1 Determination of |Vub| using inclusive analyses
As for |Vcb|, the extraction of |Vub| from inclusive semileptonic decays is based on HQET implemented
through OPE.
By using kinematical and topological variables, it is possible to select samples enriched in b→ uℓ−νℓ
transitions. There are, schematically, three main regions in the semileptonic decay phase space to be
considered:
• the lepton energy end-point region: Eℓ > M
2
B−M2D
2MB
(which was at the origin for the first evidence of
b→ u transitions)
• the low hadronic mass region: MX < MD (pioneered by the DELPHI Coll. [41])
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• the high q2 region: M2ℓν = q2 > (MB −MD)2.
in which the background from b→ cℓ−νℓ decays is small.
A summary of the different determinations of |Vub| is given in Figure 5. For the extraction of the
CKM parameters we use the average calculated in [29], presented in [41] and given in Table 3 :
|Vub| = (40.9± 4.6± 3.6)× 10−4 LEP-CLEO (inclusive) (44)
]-3 10×|  [
ub|V
2 4 6
ALEPH 
 0.76± 0.67 ±4.12 
L3
 1.40± 1.00 ±5.70 
DELPHI 
 0.61± 0.65 ±4.07 
OPAL 
 0.71± 0.71 ±4.00 
LEP Average 
 0.56± 0.37 ±4.09 
CLEO (endpoint) 
 0.61± 0.22 ±4.08 
BABAR (endpoint) 
 0.67± 0.26 ±4.43 
) 2 - Q
 XCLEO  (m
 0.65± 0.61 ±4.05 
 tag) νl* with D
 XBELLE (m
 0.53± 0.64 ±5.00 
) 2 - Q
 XBELLE (m
 0.52± 0.47 ±3.96 
) 
 XBABAR (m
 0.49± 0.38 ±4.62 
BELLE (endpoint) 
 0.59± 0.25 ±3.99 
Figure 5: Summary of |Vub| inclusive measurements [31]. For the extraction of the CKM parameters we
use the average calculated in [29], presented in [41] and given in Table 3.
6.2.2 Determination of |Vub| using exclusive analyses
The second method to determine |Vub| consists in the reconstruction of charmless semileptonic B decays:
B→ π(ρ)ℓν.
Experimentally, the use of exclusive final states provides extra kinematical constraints for background
suppression. Theoretically, the uncertainties are of a different nature as those already described in the
inclusive analysis. The probability that the final state quarks form a given meson is described by form
factors and, to extract |Vub| from actual measurements, the main problem rests in the determination of
these hadronic form factors. As there is no heavy quark in the final state, symmetry arguments which
were helpful to determine the form factor in B → D∗ℓν decays cannot be invoked. Light-Cone Sum Rules
can provide an evaluation at the 15-20% accuracy level. Lattice QCD calculations give a similar precision
but these uncertainties are expected to be reduced in the near future. The main limitation in lattice
calculations is that, at present, they can be used only in the high q2 region.
A summary of the different determinations of |Vub| can be found in [29] and [30]. The combined value
of |Vub| is obtained by assuming that systematic uncertainties, attached to individual measurements,
can be composed quadratically, for their uncorrelated components, and have correlated contributions,
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Figure 6: Differential branching fraction for B0 → π−ℓ+ν measured as a function of q2, by the CLEO
Coll., and compared with predicted values (histograms) for three models used to extract |Vub|.
of similar size. This correlated part of the systematics arises mainly from the modelling of the b → u
background. The relative theoretical error is similar for all measurements and, for the time being, the
error from the BaBar measurement is used. The result is
|Vub| = (33.8± 2.4+3.7−5.4)× 10−4 (45)
= (33.0± 2.4± 4.6)× 10−4
The accuracy on the determination of |Vub| using exclusive decays is limited by the theoretical uncer-
tainty on hadronic form factor determination. An interesting analysis has been presented by the CLEO
Collaboration at ICHEP02 [41], using the B0d → π−ℓ+νℓ decay mode, which consists in extracting the
signal rates in three independent regions of q2. In this way it is possible to discriminate between mod-
els. The fit shows that the ISGW II model is compatible with data at only 1% probability level. This
approach could be used, in future, to reduce the importance of theoretical errors, considering that the
ISGW II gave, at present, the further apart Vub determination [41].
6.2.3 Determination of |Vub| using inclusive and exclusive methods
Combining the two determinations of |Vub| (44,46), we obtain, in practice, almost a Gaussian p.d.f.
corresponding to:
|Vub| = (35.7± 3.1)× 10−4. (46)
New and more precise results from Belle and Babar Collaborations will much improve the present
situation.
6.3 Measurements of B0 − B0 oscillations
6.3.1 Measurements of the B0d − B0d oscillation frequency: ∆md
The probability that a B0 meson oscillates into a B
0
or remains as a B0 is given in Eq. 21.
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The measurement of ∆md has been the subject of an intense experimental activity during the last
ten years. Results are available which correspond to the combination of 27 analyses, using different event
samples, performed by the LEP Coll./SLC/CDF/B-Factories experiments.
A typical proper time distribution is shown in Figure 8. The oscillating behaviour is clearly visible.
Figure 7 gives the results for ∆md, obtained by each experiment and the overall average [31]:
∆md = (0.502± 0.007) ps−1. (47)
The accuracy is of about 1%. The B-factories have the main contribution to this accuracy. Improve-
ments can still be expected from these facilities and they are expected to reach a few per mill precision.
0.4 0.45 0.5 0.55
∆md (ps-1)
world average 0.502±0.007 ps-1
ARGUS+CLEO
(χd measurements)
0.493±0.032 ps-1
average of above
after adjustments
0.502±0.007 ps-1
BELLE *
(4 analyses)
0.506±0.006±0.008 ps-1
BABAR *
(3 analyses)
0.500±0.008±0.006 ps-1
CDF *
(4 analyses)
0.495±0.033±0.027 ps-1
OPAL
(5 analyses)
0.479±0.018±0.015 ps-1
L3
(3 analyses)
0.444±0.028±0.028 ps-1
DELPHI *
(5 analyses)
0.519±0.018±0.011 ps-1
ALEPH
(3 analyses)
0.446±0.026±0.019 ps-1
*
 working group average
   without adjustments
Figure 7: Summary of ∆md measurements [31].
6.3.2 Search for B0s − B0s oscillations
As the B0s meson is expected to oscillate more than 20 times faster than the B
0
d (∆ms/∆md ∝ 1/λ2) and
as B0s mesons are less abundantly produced, the search for B
0
s − B0s oscillations is more difficult. The
observation of fast oscillations requires the highest resolution on the proper time and thus on the B0s
decay length.
No signal for B0s − B
0
s oscillations has been observed so far.
The method used to measure or to put a limit on ∆ms consists in modifying Eq. (21) in the following
way [42]:
1± cos (∆mst)→ 1±A cos (∆mst). (48)
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Figure 8: The plots show the B0d −B
0
d oscillations (Belle Coll.). The points with error bars are the data.
The result of the fit gives the value for ∆md.
A and its error, σA, are measured at fixed values of ∆ms, instead of ∆ms itself. In case of a clear
oscillation signal, at a given frequency, the amplitude should be compatible with A = 1 at this frequency.
With this method it is easy to set a limit. The values of ∆ms excluded at 95% C.L. are those satisfying
the condition A(∆ms) + 1.645 σA(∆ms) < 1.
With this method, it is easy also to combine results from different experiments and to treat system-
atic uncertainties in the usual way since, for each value of ∆ms, a value for A with a Gaussian error
σA, is measured. Furthermore, the sensitivity of a given analysis can be defined as the value of ∆ms
corresponding to 1.645 σA(∆ms) = 1 (using A(∆ms) = 0), namely supposing that the “true” value of
∆ms is well above the measurable value.
During last years, impressive improvements in the analysis techniques allowed to increase the sensi-
tivity of the search for B0s − B
0
s oscillations. Figure 9 gives details of the different ∆ms analyses. The
combined result of LEP/SLD/CDF analyses [31] (Figure 10) corresponds to:
∆ms > 14.5 ps
−1 at 95% C.L.
with a sensitivity : ∆ms = 18.3 ps
−1. (49)
The present combined limit implies that B0s oscillate at least 30 times faster than B
0
d mesons. Taking
into account only the λ dependence of the ratio ∆md/∆ms (eq. 35), this factor would be about 20. The
present limit gives strong constraints on the ρ parameter whose value ends up to be about 0.2.
The significance of the “bump” appearing around 17 ps−1 is about 2.2 σ and no claim can be made
for the observation of B0s − B0s oscillations.
Tevatron experiments are expected to measure soon these oscillations.
6.4 Some theoretical inputs: BK, fB
√
BˆB and ξ
Constraints on ρ and η depend also upon three parameters which are related to the strong interaction
operating in the non-perturbative regime: fB
√
BˆB , ξ and BK .
Expressions for these constraints have been given, respectively, in Eqs. (34), (35) and (37). Important
improvements have been achieved during the last few years in the evaluation of these parameters in the
framework of Lattice QCD and a world-wide effort is organized in view of having precise determinations
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Figure 9: B0s oscillation results. Values of the fitted amplitude at ∆ms = 15 ps
−1 and of the sensitivity
obtained by each experiment [31].
of these parameters. As a consequence, in this phenomenological analysis, only most recent results from
Lattice QCD are used.
6.4.1 Brief introduction to Lattice QCD (LQCD)
Lattice QCD (LQCD) was invented about 25 years ago by K. Wilson [43].
Perturbation theory can be seen as a tool to perform functional integrals by which all vacuum expec-
tation values of the quantum fields can be expressed. LQCD approach consists in a numerical evaluation
of the functional integrals. It needs a discretization of the four-dimensional space-time by introducing a
basic length, the lattice spacing (often indicated as a). So LQCD does not introduce new parameters or
field variables in the discretization and it retains the same properties as QCD. In this sense, it is correct
to say, that LQCD is not a model, as quark models for example, and therefore physical quantities can be
computed from first principles without arbitrary assumptions. The only input parameters are the strong
coupling constant and the six quark current masses.
Statistical errors.
Considering N points in each direction, the lattice will have a volume (N a)4 ( having so two natural cutoffs:
a finite space resolution and a finite volume ). The standard integrals are sampled over a finite net of
points, whereas the functional integrals are sampled over a finite set of functions (or configurations). The
vacuum expectation values are obtained by “averaging” over all the configurations. Those evaluations
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regions correspond to the inclusion of systematics). The dotted curve corresponds to the sensitivity.
are done using MonteCarlo techniques. In this spirit, LQCD simulations are theoretical experiments
carried out by numerical integration of the functional integral by MonteCarlo techniques. In this respect
uncertainties on output quantities are evaluated following criteria which are very close to those used in
experimental measurements. Results are obtained with “statistical errors”, i.e. uncertainties originated
by stochastic fluctuations, which may be reduced by increasing the sample of gluon-field configurations
on which averages are performed. It is very reasonable to assume that the statistical fluctuations have a
Gaussian distribution.
For several quantities statistical errors have been reduced to the percent level (or even less). However
most of the results are affected by systematic effects.
Systematic errors.
Systematic uncertainties come from discretization effects, finite volume effects, the treatment of heavy
quarks, chiral extrapolation and quenching. Errors coming from the discretization and from the finite
volume can be addressed by brute-force improvements of numerical simulations or by improvements in
the discretization procedures.
The quenched approximation is obtained by turning off virtual quark loops. An important consequence of
this approximation is that the potential between a quark/antiquark pair depends on this approximation.
In the full theory, at large distance, there is a screened potential between two hadrons because the string
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breaks by the creation of a qq pair. In quenched LQCD the string does not couple to such pairs and the
long distance behaviour of the two theories is rather different. This problem is not so important since,
for the long distance scale which matters in hadronic physics, and in which we are interested, there is a
“natural” cutoff of about one Fermi due to confinement.
It is reasonable to expect that quenching corrections are lying between 10-20% for most of evaluated
physical quantities.
Because of computing limitations, most numbers have been obtained in the quenched approximation.
Theoretical estimates and some preliminary results in the (partially) unquenched case are also available
and are used to estimate the corresponding systematic error of quenched results.
These calculations are usually performed with two light quarks in the fermion loops, at values of the
light-quark masses larger than the physical values and an extrapolation in these masses is required. Cal-
culations are generally made at few values of the lattice spacing and thus contain discretization errors.
An estimate of quenching errors is obtained by comparing quenched and unquenched results at similar
values of the lattice spacing.
Another important issue is related to the chiral extrapolation. In fact it is difficult to simulate realistically
light quarks, with their physical masses, and calculations are usually made for a set of (valence) quark
masses, ranging from about ms/2 to 2 ms. The results need then to be interpolated or extrapolated.
Similar extrapolation needs to be done, in partially quenched calculations, considering the range of sea
quark masses used. The problem arises since there are logarithmic dependences in physical quantities
as the valence and/or the sea quark mass are extrapolated to their physical values (divergences in some
cases if masses vanish). In practice different extrapolations can be performed if one considers or not these
terms. The JLQCD collaboration finds [44] that these different extrapolations tend to decrease the value
of fBd relative to fBs . At present a reasonable view [45, 39] is to allow a decrease of fBd by -10% and a
negligible change in fBs .
For the present phenomenological analysis, the following values and errors have been used
fBd
√
BˆBd = (223± 33± 12) MeV (50)
ξ =
fBs
√
BˆBs
fBd
√
BˆBd
= 1.18± 0.04± 0.06
BˆK = 0.86± 0.06± 0.14
These estimates have to be considered as conservative, since they assume a maximal effect due to
chiral extrapolation, reflected in the last error. These last errors are taken as flat distributions.
A detailed description on how these values have been obtained can be found in [29]. The CKM-LDG
Group [32] is taking care of these averages.
6.5 Determination of sin (2β) from CP asymmetry in J/ψK0 decays.
BaBar and Belle collaborations have recently updated their measurements. The world average is [31]:
sin (2β) = 0.739± 0.048 (51)
All details concerning the analyses techniques are described in these proceeding by the seminar cor-
responding to U. Mallik.
7 Determination of the Unitarity Triangle parameters
In this section we give the results for the quantities defining the Unitarity Triangle, assuming the validity
of the Standard Model: ρ, η, sin (2β), sin (2α) and γ as well as for other quantities as ∆ms, fB and BˆK .
The inputs used are summarised in Table 3 (see Section 4.3).
For more details and concerning latest results see [46].
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7.1 Fundamental test of the Standard Model in the fermion sector
The most crucial test consists in the comparison between the region selected by the measurements which
are sensitive only to the sides of the Unitarity Triangle (semileptonic B decays and B0−B0 oscillations) and
the regions selected by the direct measurements of CP violation in the kaon (|εK |) or in the B (sin (2β))
sectors. This test is shown in Figure 11. It can be translated quantitatively through the comparison
between the values of sin (2β) obtained from the measurement of the CP asymmetry in J/ψK0 decays
and the one determined from “sides“ measurements:
sin (2β) = 0.685± 0.047 [0.547− 0.770] at 95% C.L. sides only
sin (2β) = 0.739± 0.048 [0.681− 0.787] at 95% C.L. J/ψK0. (52)
ρ
-1 -0.5 0 0.5 1
η
-0.2
0
0.2
0.4
0.6
0.8
1
1.2
βsin2
Kε
η
Figure 11: The allowed regions for ρ and η (contours at 68%, 95%) as selected by the measurements of
|Vub| / |Vcb|, ∆Md, and by the limit on ∆Ms/∆Md are compared with the bands (at 68% and 95% C.L.)
from the measurements of CP violating quantities in the kaon (|εK |) and in the B (sin (2β)) sectors.
The spectacular agreement between these values illustrates the consistency of the Standard Model in
describing CP violation phenomenon in terms of one single parameter η. It is also an important test of
the OPE, HQET and LQCD theories which have been used to extract the CKM parameters.
It has to be noted that this test is significant provided the errors on sin (2β) from the two determina-
tions are comparable.
Corresponding results, for the unitarity triangle parameters, are given in Table 5.
Parameter 68% 95% 99%
η 0.346 +0.039−0.043 (0.227-0.416) (0.099-0.437)
ρ 0.153 ± 0.061 (0.030-0.325) (-0.012-0.368)
sin (2β) 0.685 ± 0.047 (0.547-0.770) (0.280-0.806)
sin (2α) -0.01 ± 0.35 (-0.85-0.83) -
γ[◦] 65.3 ± 9.5 ( 38.9-84.8) (15.8-90.0)
Table 5: Values and probability ranges for the unitarity triangle parameters when the constraints from
|εK | and sin (2β) measurements are not used.
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7.2 Determination of the Unitarity Triangle parameters : η, ρ, sin (2β),
sin (2α), γ
By using all five available constraints (|Vub| / |Vcb|, ∆md, ∆ms/∆md, |εK | and sin (2β)), the results given
in Table 6 are obtained.
Parameter 68% 95% 99%
η 0.342 ± 0.026 (0.291-0.396) (0.272-0.415)
ρ 0.174 ± 0.047 (0.076-0.260) (0.045-0.293)
sin (2β) 0.697 ± 0.035 (0.637-0.761) (0.619-0.781)
sin (2α) -0.15 ± 0.25 (-0.62-0.34) (-0.73-0.50)
γ[◦] 61.1 ± 7.8 (48.6-76.0) (43.2-82.9)
Table 6: Values and probability ranges for the unitarity triangle parameters obtained by using all five
available constraints: |Vub| / |Vcb|, ∆md, ∆ms/∆md, |εK | and sin (2β).
Figures 12 and 13 show, respectively, the corresponding selected region in the (ρ, η) plane and the
p.d.f. for the Unitarity Triangle parameters.
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Figure 12: Allowed regions for ρ and η using the parameters listed in Table 3. The closed contours at 68%
and 95% probability are shown. The full lines correspond to 95% probability regions for the constraints,
given by the measurements of |Vub| / |Vcb|, |εK |, ∆md, ∆ms and sin (2β). The dotted curve corresponds
to the 95% upper limit obtained from the experimental study of B0s − B0s oscillations.
7.2.1 Indirect versus direct determination of the Unitarity Triangle angles
The value of sin (2β) was predicted, before its first direct measurement was obtained, by using all other
available constraints, (|Vub| / |Vcb|, |εK |, ∆md and ∆ms). The “indirect” 16 determination has improved
regularly over the years. Figure 14 shows this evolution for the “indirect” determination of sin2β which
is compared with the recent determinations of sin (2β) from direct measurements.
This test should be repeated with other constraints.
The values for γ and sin2α given in Table 6 has to be taken as predictions for future measurements. A
strong message is given for instance for the angle γ. The indirect determination of the angle γ is known
16in the following, for simplicity, we will note as “direct”(“indirect”), the determination of sin (2β) from ACP (J/ψK
0)
(other constraints).
29
with an accuracy of about 10%. It has to be stressed that, with present measurements, the probability
that γ is greater than 90◦ is only 0.003%.
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Figure 13: From top left to bottom, the p.d.f. for η, ρ, sin (2α), sin (2β) and γ. The red (darker) and
the yellow (clearer) zones correspond respectively to 68% and 95% of the normalised area. All available
constraints have been used.
7.3 Determination of other important quantities
In previous sections we have seen that we can get distributions for the different unitarity triangle param-
eters and how it can be instructive to remove from the fitting procedure the external information on the
value of one (or more) of the constraints.
In this section we get the distributions for the values of other quantities, entering into the Standard
Model expressions for the constraints, such as the hadronic parameters, or of a constraint as ∆ms. In
case of the hadronic parameters, for instance, it is instructive to remove, from the fit, in turn, their
external information. The idea is to compare the uncertainty on a given quantity, determined in this
way, to its present experimental or theoretical error. This comparison allows to quantify the importance
of present determinations of the different quantities to define the limits of the allowed region for the
unitarity triangle parameters.
7.3.1 The expected distribution for ∆ms
Figure 15 shows the allowed region for ρ and η obtained with all the constraints and how the constraint
coming from the study of B0s–B
0
s mixing acts in this plane. A lower limit at 95% C.L. on ∆ms will
exclude, at that degree of confidence, the ρ-η region situated on the left of the corresponding curve.
It is also possible to extract the probability distribution for ∆ms, which is shown in Figure 16.
Corresponding results are given in Table 7. Present analyses at LEP/SLD, with a sensitivity at 19.2 ps−1
are situated in a high probability region for a positive signal (as the “signal bump” appearing around
17.5 ps−1).
Accurate measurements of ∆ms are thus expected soon from the TeVatron.
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Figure 14: Evolution of the “indirect” determination of sin (2β) over the years. From left to right, they
correspond to the following papers [38]: DDGN90, LMMR92, AL94, CFMRS95, BBL95, AL96, PPRS97,
BF97, BPS98, PS98, AL99, CFGLM99, CPRS99, M99, CDFLMPRS00, B.et.al.00, HLLL00 and the value
presented in this document. The dotted lines correspond to the 95% C.L. regions (the only information
given in those papers). The larger bands (from year ’99) correspond to values of sin (2β) from direct
measurements (±1σ).
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Figure 15: The allowed regions for ρ and η using the constraints given by the measurements of |εK |,
|Vub| / |Vcb|, ∆md and sin (2β) at 68% and 95% probability are shown by the closed contour lines.The
different continuous circles correspond to fixed values of ∆ms. Dashed circles, drawn on each side of the
curve corresponding to ∆ms = 18.0 ps
−1, indicate the effect of a variation by ±0.08 on ξ.
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Figure 16: ∆ms probability distributions. The information from B
0
s − B0s oscillations is not used.
Parameter 68% 95% 99%
∆ms( including ∆ms ) [ps
−1] 18.4±1.6 (15.4-21.2) (14.6-25.4)
∆ms( without including ∆ms ) [ps
−1] 20.2 ± 3.0 (14.4-26.8) (13.2-29.2)
Table 7: ∆ms central values and ranges corresponding to defined levels of probability, obtained when
including or not the information from the experimental amplitude spectrum A(∆ms).
7.3.2 Determination of fBd
√
BˆBd and BˆK
The value of fBd
√
BˆBd can be obtained by removing
17 the theoretical constraint coming from this
parameter in the expression of the B0d–B
0
d oscillation frequency ∆md. The main conclusion of this study
is that fBd
√
BˆBd is measured with an accuracy which is better than the current evaluation from lattice
QCD, given in Section 6.4. Results are summarized in Table 8. This shows that the present CKM fit,
when all the available constraints are used, is, in practice, weakly dependent on the exact value assumed
for the uncertainty on fBd
√
BˆBd .
Parameter 68% 95% 99%
fBd
√
BˆBd(MeV) 217 ± 12 (196-245) (190-258)
BˆK 0.69
+0.13
−0.08 (0.53-0.96) (0.49-1.09)
Table 8: Values and probability ranges for the non perturbative QCD parameters, if the external in-
formation (input) coming from the theoretical calculation of these parameters is not used in the CKM
fits
17Technically we assume a uniform distribution in a range which is much larger than the possible values taken by the
parameters.
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The parameter BˆK can be also determined. Results are also summarized in Table 8. They indicates
that values of BˆK smaller than 0.5 (0.3) correspond to 0.6% (5 × 10−6) probability while large values of
BˆK are compatible with the other constraints over a large domain. The present estimate of BˆK , from
lattice QCD, with a 15% relative error (Table 3) has thus a large impact in the present analysis.
7.4 Evolution on the precision on ρ and η over the last 15 years
The evolution of our knowledge concerning the allowed region in the (ρ, η) plane is shown in Figure 17.
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Figure 17: Evolution during the last 15 years of the allowed regions for ρ and η (contours at 68% and
95% probability are indicated). The very last results (updated till Winter 2004) are shown in Figure 12
and in Table 6.
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The reduction of the size of these regions, from years 1995 to 2000, is essentially due to the mea-
surements of the sides of the Unitarity Triangle and to the progress in OPE, HQET and lattice QCD
theoretical parameters determinations. The additional reduction, from years 2000 to 2003, which mainly
concerns η, is essentially driven by the measurement of sin (2β) through the CP violation asymmetry in
J/ψ K0 decays.
7.5 Dulcis in fundo : the new-comers
The huge statistics collected the B-factories allow the measurements of new CP-violating quantities.
Direct measurements of γ, sin(2β + γ) and sin2α are now available :
• determination of sin2α using charmless ππ events,
• determination of sin(2β + γ) using D(∗)π events,
• determination of γ using DK events.
We do not enter in any details for these analyses which are described in U. Mallik lectures.
The Figure 18 shows the impact of these new measurements to provide additional constraints in the
ρ− η plane. More details are given in [46].
These plots show the potentialities of B-factories, considering that additional measurements will be
available, in a near future (about 2 years), with more than four times the statistics.
8 Conclusions
Flavour physics in the quark sector is entered in its mature age. Many and interesting results have been
produced during the last 15 years. Traditional main players (LEP/SLD/CLEO) delivered results until
this year, while B factories are moving B studies into the era of precision physics.
Many quantities have already been measured with a good precision. |Vcb| is today known with a
relative precision better than 2%. In this case, not only, the decay width has been measured, but
also some of the non-perturbative QCD parameters entering into its theoretical expressions. It is a
great experimental achievement and a success of the theory description of the non-perturbative QCD
phenomena in the framework of the OPE. Many different methods, more and more reliable, are now
available for determining the CKM element |Vub|. The relative precision, today, is of about 10% and
will be certainly improved in a near future at B-factories. The time dependence behaviour of B0 − B¯0
oscillations has been studied and precisely measured in the B0d sector. The oscillation frequency ∆md is
known with a precision of about 1%. B0s − B¯0s oscillations have not been measured sofar, but this search
has pushed the experimental limit on the oscillation frequency ∆ms well beyond any initial prediction.
Today we know that B0s oscillate at least 30 times faster than B
0
d mesons. The frequency of B
0
s − B¯0s
oscillations should be soon measured at the TeVatron. Nevertheless, the impact of the actual limit on
∆ms for the determination of the unitarity triangle parameters is crucial.
Many B decay branching fractions and relative CP asymmetries have been measured at B-factories.
The outstanding result is the determination of sin 2β from B hadron decays into charmonium-K0 final
states. On the other hand many other exclusive hadronic rare B decays have been measured and constitute
a gold mine for weak and hadronic physics, allowing to already extract different combinations of the
unitarity triangle angles.
The unitarity triangle parameters are today known with a good precision. A crucial test has been
already done: the comparison between the unitarity triangle parameters, as determined with quantities
sensitive to the sides of the triangle (semileptonic B decays and oscillations), and the measurements of
CP violation in the kaon (ǫK) and in the B (sin2β) sectors. The agreement is “unfortunately” excellent.
The Standard Model is “Standardissimo”: it is also working in the flavour sector. This agreement is also
an important test of the OPE, HQET and LQCD theories which have been used to extract the CKM
parameters.
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Figure 18: From top to bottom, the allowed region on the ρ− η plane as selected by the direct measure-
ment of γ, sin(2β+γ) and sin2α The red (darker), the yellow (clear) and green (clearer) zones correspond
respectively to 68%, 95% and 99% of the normalised area. Contours at 68% and 95% probability selected
using all the other available constraints are also shown.
The good news is that all these tests are at best at about 10% level. The current and the next facilities
can surely push these tests to a 1% accuracy. It is important to note that charm physics can play an
important role in this respect (providing a laboratory for LQCD) and the Charm-factory (CLEO-C) will
play a central role for these issues.
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